Abstract: This review discusses main features of transmembrane (TM) proteins which distinguish them from water-soluble proteins and allow their adaptation to the anisotropic membrane environment. We overview the structural limitations on membrane protein architecture, spatial arrangement of proteins in membranes and their intrinsic hydrophobic thickness, co-translational and post-translational folding and insertion into lipid bilayers, topogenesis, high propensity to form oligomers, and large-scale conformational transitions during membrane insertion and transport function. Special attention is paid to the polarity of TM protein surfaces described by profiles of dipolarity/polarizability and hydrogen-bonding capacity parameters that match polarity of the lipid environment. Analysis of distributions of Trp resides on surfaces of TM proteins from different biological membranes indicates that interfacial membrane regions with preferential accumulation of Trp indole rings correspond to the outer part of the lipid acyl chain region-between double bonds and carbonyl groups of lipids. These "midpolar" regions are not always symmetric in proteins from natural membranes. We also examined the hydrophobic effect that drives insertion of proteins into lipid bilayer and different free energy contributions to TM protein stability, including attractive van der Waals forces and hydrogen bonds, side-chain conformational entropy, the hydrophobic mismatch, membrane deformations, and specific protein-lipid binding.
Introduction
Biological membranes separate cells from the external environment by creating selective permeability barriers. In eukaryotic cells, membranes also divide cells into specialized compartments or organelles, such as nucleus, mitochondria, chloroplasts, endoplasmic reticulum, Golgi apparatus, lysosomes, peroxisomes, vacuoles, and transport vesicles. Different types of biological membranes grow, divide, evolve and function as complex macromolecular assemblies with specific lipid, protein, and carbohydrate compositions and distinct physical properties.
The lipid bilayer of cellular membranes is crowded with integral membrane proteins, with lipid:protein ratios ranging from 4:1 to 1:4 by mass. 1 Membrane proteins may be classified as transmembrane (TM), which span the entire lipid bilayer, monotopic, which are permanently inserted into the membrane from one side, and peripheral proteins that bind to the membrane transiently. Membrane proteins participate in all vital cellular process, including protein and lipid biogenesis, cell shape regulation, transport, cell recognition and adhesion, energy production and homeostasis, signal transduction, and generation and propagation of electric impulse.
Because of the technical challenges, the pace of elucidation of three-dimensional (3D) structures of TM proteins is much slower than that of watersoluble proteins. Nevertheless, recent process in protein expression, crystallization, and the emerging crystallography on submicrometre-sized crystals has significantly accelerated membrane protein structure determination. 2, 3 In addition, improved NMR techniques have helped study structure and dynamics of TM b-barrels 4,5 and multi-helical proteins, 6, 7 and allowed structural determination of dozens of oligomers formed by single-spanning TM proteins, for which crystallization usually fails to yield diffraction quality crystals. [8] [9] [10] 3D structures of TM proteins are provided by the Protein Data Bank (PDB). 11 To date, more than 1000 distinct structures of more than 500 TM proteins and protein complexes have been determined. They are represented by 2000 PDB entries. Many of these structures are listed in Stephen White's database, 12 the Membrane Proteins Data Bank 13 and the transporter classification database. 14 Three other specialized databases provide derivative PDB files with calculated locations of hydrophobic membrane boundaries: Protein Data Bank of Transmembrane Proteins, 15 the Goarse-grained molecular dynamics simulation database, 16, 17 and the orientations of proteins in membranes (OPM) database. 18 Collection of membrane proteins in specialized databases facilitates comparative analysis of membrane proteins. OPM is the most convenient resource for such analysis, because it simultaneously provides spatial positions, classification, biological origin, different conformations and oligomeric states, topology, and intracellular localization of TM, monotopic, and peripheral proteins. Spatial positions of proteins in membranes were determined in OPM by optimizing transfer energy of molecules from water to the anisotropic lipid environment. 19 In addition, the underlying positioning of proteins in membranes (PPM 2.0) method provides methodology for analysis of polarity of protein surfaces. 20 Adaptation of TM proteins to the lipid bilayer leads to a number of structural features which distinguish them from water-soluble proteins. Major features are briefly reviewed here, including the following: (a) limitations imposed by the lipid bilayer on protein architecture; (b) hydrophobic thickness and spatial arrangement of TM proteins in the lipid bilayer, (c) changes in TM protein surface polarity along the bilayer normal that can be described by polarity profiles; (d) the chaperone-assisted insertion and folding of proteins into membranes; (e) role of charged residues in topogenesis of TM proteins; (f) significant oligomerization propensity of proteins in the two-dimensional lipid matrix; (g) large-scale conformational transitions of proteins during their association with membranes and transport function. We also discuss physical forces that drive membraneprotein integration and specific interactions of TM proteins with each other and membrane lipids. The analysis uses 483 unique structures of TM proteins and other information provided by the OPM database (Supporting Information: Tables S1 and S2).
Structural Architectures of TM Proteins
The structural diversity of integral membrane proteins is limited by the restrictions imposed by their hydrophobic environment. TM a-helices, b-barrels, and b-helices are the only known protein architectures that fulfill the requirement to saturate the hydrogen bonding potential of their polar mainchain groups buried in membrane from water. Because of the limitations on protein structure, the probable number of membrane protein families was estimated as about 10 times fewer than that for soluble proteins. 21 A recent estimate suggests that 80% of the sequence space for all polytopic membrane proteins may be covered by only 700 structures, while 70-80% of soluble protein domain sequences may be covered by 25,000 structures.
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TM a-helical proteins
The vast majority of TM proteins are a-helical (Fig.  1 ). These proteins are found in all types of biological membranes and are encoded by 25-30% genes in sequenced organisms. 23 TM proteins are known as bitopic or polytopic if they cross the membrane only one or multiple times, respectively. Bitopic proteins represent the largest membrane protein class covering 15-18% and 30-47% of membrane proteomes in prokaryotes and eukaryotes, respectively. 24 Genome-wide analysis of membrane proteins demonstrates that while proteins with small number of TM segments are prevalent in all organisms, prokaryotes also have a higher preference for proteins with 6 and 12 TM a-helices, and eukaryotes for proteins with 7 TM a-helices. 25 It is noteworthy that proteins with even number of helices and with N-and C-termini located at the cytoplasmic membrane side are strongly overrepresented in eukaryotic and bacterial proteomes. 26 To date more than 400 unique 3D structures of TM a-helical proteins and protein complexes are available for structural analysis (Table S1) . However, the actual number of different structures is much greater due to the presence of PDB entries corresponding to different conformational, mutational, and oligomeric states, and complexes with distinct ligands or cofactors. Most structures represent prokaryotic proteins from archaebacteria (32 structures), Gram-negative bacteria (151 structures), and Gram-positive bacteria (33 structures). There are also 165 unique structures of eukaryotic TM ahelical proteins, most of which are from the plasma membrane and the endoplasmic reticulum, ER (103 and 21 structures, respectively), whereas only 7, 17, 14, and 3 structures represent a-helical proteins from the mitochondrial outer membrane (MOM), mitochondrial inner membranes (MIM), thylakoid, and vacuole/vesicule membranes, respectively. Structural analysis 27, 28 of a-helical membrane proteins indicate the complexity of their architecture. TM a-helices are not necessarily straight, hydrophobic, and long enough to traverse the entire bilayer, rather they can be bent, distorted, or shorter than a half of the membrane thickness. 29, 30 Structural details of TM a-helical proteins have been extensively reviewed. 27, [31] [32] [33] [34] [35] [36] Here we only briefly outline them. TM a-helices of membrane proteins are generally hydrophobic. However, more than 30% of TM ahelices in polytopic proteins have low hydrophobicity. [37] [38] [39] Such marginally hydrophobic TM segments are frequently functionally important and present in ion channels and transporters. 40 Computational methods of TM helix prediction are based on search of long hydrophobic stretches and therefore often fail to recognize such helices. 41, 42 Though singlespanning helices of bitopic proteins are generally more hydrophobic than TM segments of polytopic proteins, 43, 44 around 20% of TM helices in bitopic proteins contain polar residues. 24 The average number of polar residues per helix in bitopic proteins decreases from 4 in prokaryotic to 2 in eukaryotic proteins. 24 The presence of polar and ionizable residues in single-spanning TM proteins was shown to promote helix-helix association. [45] [46] [47] Lengths of TM a-helices range from 15 to 39 residues with an average length of 26 residues and preference for lengths greater than 20 residues. This differs from helices in water-soluble a-bundles that ion (green sphere) in the active site, which is coordinated by two histidines and an aspartate. An unusual structural feature is a membrane-inserted four-stranded b-sheet (yellow) that occludes the active site. Calculated hydrophobic membrane boundaries from the OPM database are shown by lines: blue at the cytoplasmic side and red at the periplasmic/extracellular side.
have an average length of 15-18 residues per helix and preference for shorter helices. 32, 33, 48 Helices usually traverse the entire bilayer with tilt angle ranging from 5 to 35 relative to the membrane normal, 31 and an average tilt 17 6 11 . 33 However, more tilted helices (tilt >45 ) exist, for example, in structures of chloride-protein antiporter ClC (1KPL), sodium-hydantoin transporter Mhp1 (2JLN), sodium-dependent glutamate transporter GltPh (2NWL) [ Fig. 1(A,B) ], ammonia channel (1U7G), SecYEG translocon (subunit SecE, 3DIN), complex III (2FYU), ECF-transporter complex (subunit EcfS, 4HUQ, 4HZU). The very long and tilted helices usually form extensive contacts with 3-5 helices thus stabilizing protein structure.
TM a-helices may be straight or distorted due to the presence of kinks induced by Pro, tight turns of 3 10 -helix, or wide turns of p-helix induced by insertions of a single residue into a-helix. 34 27, 36 These proteins probably evolutionarily arise from duplication of the corresponding genes, which may lead to formation of covalently linked dual topology dimers.
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TM b-barrels
The second common type of TM proteins is a bbarrel (Fig. 2) . TM b-barrels are abundant in outer membranes (OM) of Gram-negative bacteria, mycobacteria, mitochondria and plant plastids. In addition, various toxins create b-barrel pores in host cell membranes. A TM b-barrel can be formed either by a single polypeptide chain or by multiple chains. Currently there are 102 unique structures of TM bbarrels, among them 90 structures represent singlechain barrels and 12 structures are multi-chain barrels (Table S2 ). All known TM b-Barrels have the simplest sequential up-and-down topology of antiparallel b-strands. It was suggested that a b-hairpin serves as a principal evolutionary building block of such proteins. 53 All TM b-barrels can be divided into three groups based on their topology and localization.
The first and the most numerous group includes single-chain b-barrels from the bacterial OM [ Fig.  2(A,B) ]. Around 2-3% proteins encoded by genomes of Escherichia coli and Pseudomonas aeruginosa are estimated as probable OM b-barrels. 26, 54, 55 Structural features of OM b-barrels have been extensively reviewed [56] [57] [58] [59] [60] and will be only mentioned here.
OM b-barrels are composed of an even number of antiparallel b-strands, and their N-and C-termini face the periplasm. b-Strands are tilted by [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] and connected via long loops on the extracellular side and short turns at the periplasmic side of the membrane. The internal pore has an oval shape with hydrophobic and aromatic residues being exposed to the lipid bilayer, while polar and charged residues face the interior of the pore. The most abundant OM proteins are porins that have 16 or 18 b-strands. Porins facilitate passive diffusion of small molecules across the membrane and can discriminate these molecules based on their size, charge, and lipohilicity. Some 8-to 12-stranded b-barrels act as enzymes, receptors, or adhesion molecules. Larger, 12-to 24-stranded b-barrels function as transporters of proteins involved in adhesion or biofilm formation. Because the OM lacks proton motive force, most b-barrels do not use energy. However, some of them can actively import molecules (e.g., iron complexes, nickel chelates, vitamin B12, and carbohydrates) against concentration gradients because they form complexes with active transporters from the bacterial inner membrane (IM). For example, 22-stranded TonB-dependent FhuA (1QFG) and BtuB (2GSK) transporters can use active transport mechanisms through interactions with TonBExbB-ExbD complex from the bacterial IM. 61 The second group is represented by single-chain b-barrels formed by isoforms of the mitochondrial voltage-dependent anion channel (VDAC) [ Fig. 2(D) ], the most abundant proteins in the MOM. 62 VDAC has an unusual topology and is not evolutionarily related to bacterial porins. 53 Unlike bacterial OM b-barrels, VDAC-1 (3EMN) and VDAC-2 (4BUM) have an odd number of antiparallel b-strands that are closed through a pair of parallel b-strands (1st and 19th). 5, [63] [64] [65] Both isoforms have short loops at both membrane sides and N-terminal amphiphilic ahelix inserted into the round-shape channel. The third group includes multi-chain b-barrels. Unlike single-chain b-barrels, they are obligatory homo-or hetero oligomers, where each subunit provides several b-strands to a b-barrel that encloses a channel with a relatively large inner diameter. The most extensively studied multi-chain b-barrels are TolC-like proteins (1EK9, 1YC9, 3PIK, 1WP1), the OM components of the bacterial Type I secretion system involved in extrusion of drugs and proteins 66, 67 [ Fig. 2(C) ]. Homotrimeric 12-stranded b-barrels were also found in bacterial autotransporter adhesins Hia (2GR7) 68 and YadA (2LME). 4 Another multi-chain b-barrel is the goblet-like mycobacterial MspA porin (1UUN), the most abundant protein from the OM of Micobacterium smegmatis that enable the transport of hydrophilic nutrients into mycobacteria 69 [ Fig. 2(E) ].
Multi-chain TM b-barrels are also formed by diverse pore-forming proteins, such as mammalian perforins or certain toxins from bacteria, fungi, plants, and eukaryotic parasites. 70, 71 The known structures of TM b-barrels of bacterial toxins represent mushroom-shaped homo-heptamers (7AHL, 3O44, 4H56) [72] [73] [74] or bicomponent octamers (3B07) 75 [ Fig. 3(C) ].
TM b-helices
The b-Helix is another type of regular structure which can be stable in the lipid bilayer. It can be formed by peptides with alternating L-and D-amino acids, such as non-ribosomal antibiotics, gramicidin A, B, C. 76, 77 The cation-conducting structure of is large enough to enable the passage of monovalent cations. 81, 82 The gramicidin A channel is anchored to the membrane-water interface by four Trp near the C-terminus of each protomer. The hydrogenbonding ability of Trp and dipole moment of the indole ring are essential for stabilization of the structure of the ion-conducting channel. 83 Changing the gramicidin A sequence (Trp substitutions) or environmental conditions (using organic solvents or lipid bilayers with acyl chains <10 or >20 carbons) promotes formation of very different double-stranded intertwined helices, which can be right-or left-handed with parallel-or antiparallel chains (2XDC, 2IZQ, 1MIC) [ Fig. 4(B,C) ]. Double-stranded helices can traverse the membrane but are unable to conduct ions. 76, 77, 84 
Folding and Targeting of TM Proteins
At appropriate conditions, a number of hydrophobic peptides, 85, 86 some a-helical proteins [87] [88] [89] and b-barrels 60 can fold and insert into the lipid bilayer independently of proteinaceous chaperones, assembly cofactors, and energy sources. However, such in vitro assembly is significantly slower and less efficient than similar processes occurring in vivo.
In vivo TM proteins fold and insert into membranes either co-translationally or post-translationally. Membrane protein insertion pathways are especially complex in eukaryotes, because the newly synthesized proteins must be targeted from ER or cytosol to the plasma membrane (PM) or different intracellular organelles. Biogenesis of membrane proteins in vivo is assisted by complex protein machineries aimed at recognition, translocation and integration of proteins to specific membranes in correct topology, conformation and oligomeric state. Here we briefly describe key TM chaperones with available 3D structures, which are involved in protein insertion into membranes.
Cotranslational protein folding and insertion into membranes
Most TM a-helical proteins insert into membranes through the co-translational pathway that involves the signal recognition particle (SRP) and Sectranslocon complex. This SRP/Sec-translocon system exists in ER of eukaryotic cells, cell membranes of Archaea and Eubacteria, thylakoid membranes, but is absent in mitochondria. 90, 91 SRP recognizes the cleavable N-terminal hydrophobic signal sequence or the first TM helix while it emerges from the ribosome. By interacting with the SRP receptor and the Sec-translocon, SRP targets the ribosome-nascent chain complex to the eukaryotic ER or the prokaryotic cell membrane. Structures of bacterial SecYEG (3DIN), 92 archaebacterial SecYEb (1RHZ), 93 and canine Sec61abg (4CG5) 94 demonstrate structural conservation of the SRP/Sectranslocon systems (Fig. 5 ). Ribosome binds directly to the Sec61a/SecY pore at the cytoplasmic site and pushes the nascent polypeptide chain through the protein translocation channel. GTP hydrolysis provides energy for chain elongation by the ribosome. A lateral gate located between TM2b and TM7 of Sec61a/SecY-translocon presumably provides exit of folded helical segments one by one or in pairs into the lipid environment.
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Insertion of chloroplast-encoded proteins (e.g., proteins from the reaction center of photosystem II) occurs from stroma into thylakoid membranes through similar cpSRP-pathway. YidC homologues were also found in archaebacteria, mitochondria (Oxa1) and chloroplasts (Alb3). The YidC/Oxa1/Alb3 protein family mediates assembly of major energy-transducing protein complexes. 102 Mitochondrial Oxa1, which functions as a voltage-gated and substrate-dependent translocase, 104 is involved in co-translational insertion of polytopic TM proteins encoded by mitochondrial genome (13 core subunits of respiratory complexes I, III, IV and V) from the matrix to the MIM. In addition, the SecYEG-YidC machinery may co-operate with the TatABC-system [ Fig. 6 (D,E)] during integration of polytopic TM proteins with large globular domains bearing diverse cofactors. 106 It was proposed that some membrane proteins, such as Rieske iron-sulfur protein, are initially inserted into membrane by the Sec-machinery and then use Tat-complex to translocate folded globular domain containing Fe-S cluster. 107 
Post-translational targeting, folding and membrane insertion
In contrast to the majority of TM a-helical proteins, which insert co-translationally, b-barrels fold and insert into membranes via post-translational pathways. The post-translational integration with membranes also occurs for C-tail anchored proteins (TA) and nuclear-encoded TM a-helical proteins targeted to mitochondria and chloroplasts.
In Gram-negative bacteria, the biogenesis of OM b-barrel proteins includes several steps C-tail anchored proteins have a large watersoluble N-terminal domain and a single C-terminal TM a-helix. Because the C-terminal membrane anchor emerges from the ribosome after termination of translation, it cannot interact with SRP and Secsystem and uses post-translational insertion pathways that involve cytosolic chaperones and specific membrane receptors. 110, 111 It was also suggested that TA proteins may require chaperone assistance only for delivery to the targeted membrane in an insertion-competent form (to prevent aggregation), but not for insertion into membranes.
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The nuclear-encoded mitochondrial preproteins are targeted to the organelle by either N-terminal cleavable presequences or internal targeting signals with medium hydrophobicity and positively charged flanking residues. [112] [113] [114] [115] Proteins targeted to the MOM usually have internal targeting signals, proteins targeted to the intermembrane space have "classical" amphipathic signals, while proteins directed to the MIM or matrix have either bipartite signals (amphipathic presequence followed by . The channel-forming Sec61a/SecY subunit has 10 TM a-helices arranged as two five-helix inverted repeats forming an hourglass-shaped channel between two repeats. The loop5-6 and loop8-9 (colored orange) contact with SecA or ribosome. The channel has a cytoplasmic funnel, the central hydrophobic ring, and external funnel filled by the TM2a helical plug (colored blue) with basic/polar residues (shown by blue spheres) that can electrostatically repel positive charges of translocated segments thus assisting in topology decision. 322 Negatively charged residues from TM8 (shown by red spheres) also play topological role. In resting state (A, B), the lateral gate between TM2b (colored red) and TM7 (colored yellow) is closed, TM10 (colored gray) is moved outward, and the TM2a plug seals the pore ring, thus preventing ion leakage. In the SecYEG-SecA complex (C), insertion of two-helix finger of SecA into cytoplasmic funnel of SecY causes movement of the TM2a plug toward the periplasm and the displacement of the TM2b away from the TM7, thus creating a 5 Å -gap between these helices and providing partial opening of the translocation channel. 92 In the open state, lateral gate between TM2b and TM7 is open and TM10 moves inward to the channel, which helps to release the translocated segment from channel into the lipid environment. 94 Calculated membrane boundaries from the OPM database are shown by red and blue lines.
hydrophobic sorting sequence) or internal signals. 114 Proteins in unfolded state are translocated across MOM by the Translocase of Outer Mitochondrial membrane (TOM)-complex composed of several receptors and TOM40 b-barrel channel. 114, 116, 117 Almost all mitochondria-targeted proteins are recognized and transferred across the MOM by TOM complex, except TA and signal-anchored proteins, which insert into MOM spontaneously. Membrane insertion of these proteins depends on the lipid composition of target membranes, for example, on the presence of ergosterol and cardioplipin. [118] [119] [120] TOM complex also assists insertion into MOM of some bitopic and polytopic proteins. 117 b-barrels (VDAC, TOM40, and SAM50) are inserted into MOM from the intermembrane space by the Sorting and Assembly Machinery (SAM)-complex which is similar to bacterial BAMcomplex. 114, 117 Protein translocation and insertion into MIM is assisted by translocases of the inner membrane (TIM) complexes. TIM22 complex inserts multispanning proteins containing internal signals, such as ADP/ATP and phosphate carriers. 116 The twinpore carrier TIM22 is an essential integral protein of the complex. It forms a hydrophilic high conductance channel activated by the inner membrane BamA, which has TM 16-stranded b-barrel and five periplasmic POTRA domains (P1-P5), coordinates recognition, folding and membrane insertion of TM b-barrels in the bacterial OM. BamA can undergo lateral opening between 1st and 16th b-strands, providing route from the interior channel to the lipid environment. 323 127 This pathway is engaged in transport of the highly abundant nuclear-encoded light harvesting chlorophyll a/b-binding proteins (LHCPs) (1rtw). 128 The third, DpH-dependent pathway uses the proton gradient (DpH and Dw) as a driving force. It provides translocation of presequences with twinarginine motif to the lumenal side of thylakoids (e.g., PsaN and PsbT from Photosystem II). 129, 130 DpH-system components are homologous to components of the bacterial Tat-system. 129 Finally, the spontaneous insertion is restricted to a few singlespanning membrane proteins (CF o II of the ATPase, and PsbX, PsbW of the photosystem II) and some polytopic proteins (Elip2, PsbS). 90 
Spatial Arrangement in Membranes and Hydrophobic Thickness of TM Proteins
Each TM protein has large continuous non-polar surface that penetrates to the lipid acyl chain region. To provide burial of this non-polar surface from water, a TM protein acquires a certain spatial position in the lipid bilayer. This position can be investigated experimentally or calculated by minimizing transfer energy of the protein structure from water to membrane. 131 Each TM protein has an additional important geometrical parameter: its intrinsic hydrophobic thickness, which can be defined as the width of a slice enclosed by two parallel planes separating the non-polar and polar regions. Localization and concentration of proteins with similar hydrophobic thicknesses in a certain membrane type may regulate the membrane width. 132 Therefore, average hydrophobic thickness of TM proteins is an appropriate characteristic of a particular membrane type: proteins from different membrane types tend to have distinct intrinsic hydrophobic thicknesses (Fig.  7) . For example, average hydrophobic thicknesses of a-helical proteins from eubacterial and archaebacterial cell membranes, eukaryotic ER, and thylakoid membranes are close to 31 Å . Average hydrophobic thicknesses are significantly larger for eukaryotic PM proteins (33 Å ), but smaller for proteins from MIM (28 Å ) . This is in agreement with X-ray scattering data. 132 The gradual decrease of hydrophobic thicknesses of proteins targeted to different membranes (PM>ER>MIM) may facilitate protein sorting during membrane biogenesis. Indeed, the posttranslational targeting and unassisted insertion of TA proteins into MOM requires short and moderately hydrophobic helices with positively charged flanking residues, while ER-targeting is driven by longer and more hydrophobic helices. The lipid bilayer cannot be viewed merely as a hydrocarbon slab. This is a complex anisotropic environment that can be described by profiles of polarity and lateral pressure along the bilayer normal.
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While a protein in water is under isotropic pressure, a TM protein experience negative pressure at the level of lipid carbonyls, which is counterbalanced by positive pressure at the lipid head-group and acyl chain regions. 140 The lateral pressure profiles in membranes cannot be directly measured; however, they can be estimated from MD simulation of artificial lipid bilayers. [141] [142] [143] Polarity, elastic, and geometrical properties of artificial lipid bilayers can be experimentally obtained using scattering techniques. [144] [145] [146] [147] For example, the polarity of a fluid lipid bilayer can be quantified by a few parameters commonly used to describe solubility of molecules in organic solvents: hydrogen bonding donor and acceptor capacities (a and b) and dipolarity/polarizability parameter (p*).
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The transbilayer profiles of these parameters have been recently calculated for several single-and multi-component lipid bilayers using distribution of lipid fragments obtained from neutron diffraction and X-ray scattering data 20 [ Fig. 8(A,B) ].
Unfortunately, the polarity of natural biological membranes cannot be determined in the same way, because they have a highly diverse and yet unidentified lipid and protein composition. Instead, one can analyze hydrophobic thickness and polarity of surfaces in 3D structures of TM proteins, which is expected to match polarity of surrounding lipids. Indeed, all TM proteins have a central hydrophobic zone composed of aliphatic residues and two polar zones that contain numerous ionizable residues and crystallized water. Arg and Lys residues are embedded in the lipid head-group area, where they can form H-bonds and ion pairs with lipids. The intermediate region is marked by belts of Tyr and Trp residues that favorably interact with the membrane interface. [148] [149] [150] [151] [152] [153] Hence the polarity of protein surfaces may be described by distributions of different types of amino acid residues, such as polar, non-polar, aromatic, charged, and so forth. However, it can be described more quantitatively by calculating profiles of polarity parameters a, b, and p*. Unlike distributions of residues, these polarity profiles represent integral quantitative characteristics that account for hydrogen-bonding capacities and dipolarity/polarizability of atoms on the protein surface.
The corresponding polarity profiles were recently obtained for TM proteins from different biological membranes, including bacterial, archaebacterial and eukaryotic plasma membranes, inner mitochondrial, thylakoid, and bacterial outer membranes. 20 As expected, the polarity of protein surfaces (described by a, b, and p*) changes gradually [ Fig. 8(D,F) ] and correlates with properties of the surrounding lipid bilayer. Polarity profiles can be approximated by sigmoidal curves whose midpoints coincide with midpoints in distributions of co-crystallized water molecules, with maxima in distributions of carbonyl groups from cocrystallized lipids, and match positions of calculated hydrophobic membrane boundaries. Interestingly, polar groups of Trp and Tyr residues of TM proteins often point to membrane boundaries where they may form hydrogen bonds with glycerol groups of cocrystallized lipids. However, distributions of aromatic rings of Tyr and Trp residues do not coincide: while maxima of distribution of Tyr benzene rings correspond to the lipid carbonyl region, maxima of distributions of Trp indole rings are shifted by 3-5 Å closer to the membrane center [ Fig. 8(C,E) ]. This tendency was observed for all proteins from different membrane types, including a-helical and b-barrel TM proteins. Polarity profiles calculated for proteins from different membrane types appear to be quite similar at the center of membranes (Fig. 9) . Thus, central regions of proteins derived from membranes with dissimilar composition demonstrate comparable hydrophobicity. This observation may explain the well-known tolerance of TM proteins to alteration of the lipid composition in native cells, in artificial bilayers, and during protein expression in different host organisms. 154 Larger distinctions in polarity profiles are observed near hydrophobic boundaries and in the lipid head group areas. These dissimilarities may correlate with the large diversity of the lipid head-groups in different membranes though may also reflect biases associated with mechanisms of protein insertion into membranes. A closer examination of polarity profiles in TM proteins (Figs. 8 and 9) shows that the central, 30-31 Å -wide, non-polar region is not a uniform environment, but includes two peripheral, 5-8 Å -wide zones with increased dipolarity/polarizability parameter (p*) and hydrogen-bonding acceptor capacity (b). These peripheral zones with intermediate polarity can be named "midpolar" regions. 155 In native biological membranes, location of "midpolar" regions can be deduced from the changes of polarity parameter p*, or mapped by distribution of Trp indole rings in TM proteins, which can be regarded as a reporter group. Preferential accumulation of the Trp indole rings in the area between lipid carbonyl groups and double bonds indicates a relatively small electrostatic penalty for the Trp dipole and a higher dielectric constant there, which may be partly attributed to the presence of residual water. Depths of "midpolar" regions, as deduced from locations of Trp residues, depend on the type of membrane and may be different on the inner and outer sides. For example, the polarity profiles of proteins from the bacterial OM demonstrate significant asymmetry of their "midpolar" regions. This correlates with asymmetric lipid composition in OM, where the inner leaflet is composed of phospholipids, but the outer leaflet is formed by lipopolysaccharides (LPS). 156 In contrast, proteins from the bacterial IM, which are composed entirely of phospholipids, show symmetric polarity profiles. Some degree of asymmetry in the "midpolar" regions was also observed for proteins from the eukaryotic and archaebacterial PM, MIM, and thylakoid membranes (Fig. 9 ). This observed asymmetry of polarity in eukaryotic PM proteins correlates with non-uniform distribution of different lipid species and cholesterol between leaflets of eukaryotic cell membranes.
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Topogenesis of TM a-Helical Proteins and Role of Charged Residues
In addition to the spatial arrangement in membranes and hydrophobic thickness, an important structural parameter of TM proteins is topology, or placement of their termini on the certain side of the membrane. This is another feature that distinguishes them from water-soluble proteins. TM proteins usually acquire unique topology, although there are rare examples of proteins with dual topology. 37 For example, the bacterial multidrug transporter EmrE functions as an antiparallel homodimer of monomers with opposite topologies (3B5D). 159, 160 Based on their orientation in membranes, bitopic proteins were classified to topological classes I (with N-terminus facing to the outer space and N-terminal cleavable signal peptide), II (with Nterminus facing the inner space), and III (with Nterminus facing to the outer space), while all polytopic proteins are assigned to class IV regardless of their topology.
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The topology of TM a-helical proteins is usually defined during their co-translational insertion, folding, and assembly in membranes. 37 Topogenesis of multi-spanning proteins may involve significant rearrangement and reorientation of helices during protein folding [162] [163] [164] [165] [166] and post-translational insertion of reentrant loops. 163 For example, marginally hydrophobic helices can be released from Sectranslocon peripherally in the lipid head group region and be refolded later in the course of helix assembly. 163 Membrane insertion and spatial orientation of such helices may be promoted by adding charged or hydrophobic residues to the flanking regions, or guided by interactions with adjacent TM helices and their topological preferences. 38, 40, 44, 167, 168 For example, insertion of highly charged S4 helix of voltage-sensing domain of the Shaker and KAT1 voltage-gated K-channels is assisted by electrostatic interactions with neighboring helices. 169 The topology of proteins with co-translational membrane insertion depends on a number of factors.
Among them are properties of TM segments (length, hydrophobicity, hydrophobic gradient of helical segment, position of aromatic residues near TM helix ends, charge difference at both ends of helix), folding and glycosylation of extramembrane domains, membrane electrochemical potential, and protein-lipid interactions. [170] [171] [172] However, two major topological determinants are the hydrophobicity of TM segments and the asymmetric distribution of positively charged residues (Arg and Lys) in polar regions located at both membrane sides, the so-called positive-inside rule. 173, 174 This rule was suggested based on statistical analyses of amino acid residue distributions in TM a-helical proteins from Eubacteria, Archaea, and Eukarya (including proteins form mitochondria and thylakoids). 161, [174] [175] [176] [177] [178] [179] [180] [181] Such analysis exposed the significant prevalence of positively charged residues in loops located on the side of the membrane from which proteins are inserted (the cis side or "inside"), which is a cytoplasmic side of bacterial IM, eukaryotic PM and ER, the stromal side of thylakoids, and the matrix side of MIM. The "inside" bias of positively charged residues appear to be stronger for prokaryotic proteins. 174 Interestingly, the positiveinside rule is applicable to mitochondria-encoded MIM proteins, but not to nuclear-encoded MIM proteins which show more symmetric distribution of positively charged residues on both membrane sides, but significant "outside" bias for negatively charged Glu residues. 180 Distributions of positive charges in 3D structures of TM proteins are consistent with the "positive inside" rule for a-helical proteins from all membranes, no matter whether one considers all protein residues 182, 183 or only solvent-accessible ones. 20 Moreover, not only the distributions of cationic residues, but also distributions of net charge follow this pattern in protein structures from nearly all membranes: it is positive on the inner membrane side and close to zero or slightly negative on the outer side. Two exceptions are proteins from MIM and thylakoid membranes: MIM proteins have a positive net charge on both membrane sides, though it is larger at the inner leaflet, while thylakoid TM proteins have rather similar numbers of positively and negatively charged residues at each side, and therefore no pronounced maxima for net charge (Fig. 10) . Maxima of distributions of positively charged groups are located at approximately 20-22 Å -distance from the bilayer center in both membrane leaflets. This corresponds to locations of phosphodiester groups of phospholipids that may form ionic pairs with Arg and Lys residues. The unusual lack of maxima of net positive charges in proteins from thylakoid membranes may be explained by the unique membrane composition of these membranes.
In thylakoid membranes, phosopholipids are mainly substituted by non-phosphorous glycolipids, 184 which significantly decreases the amount of lipid groups involved in ionic interactions with basic protein residues. The role of positive charges as topological determinants was experimentally supported for both signal peptides and integral membrane proteins. For example, it was found that adding or removing of a single basic residue at critical locations can invert the topology of individual TM segments, 185 or entire proteins. 164 Placing charged residues downstream of a signal sequence arrested protein chain movement through Sec-translocon 186 and blocked protein secretion. 187 This "charge block" effect was more pronounced in prokaryotic than eukaryotic systems, which can be attributed to the presence of an electrical potential (positive outside) across the bacterial IM. 187 Acidic residues may also affect topology of proteins inserted by Sec-translocon, but to a lesser extent than basic residues, and only if present in high numbers. 185 It was suggested that negative charges around hydrophobic segments play only a secondary role in fine-tuning the topology in Secdependent membrane insertion. 185 In contrast, acidic residues in periplasmic regions of doublehelical M13 and single-helical P3f coat proteins appear to be important for Sec-independent translocation/insertion that requires the proton motive force. [188] [189] [190] Consistently with smaller topological role of acidic residues, it was found that distributions of these residues in sequences of membrane proteins is generally symmetric 174 and show only moderate preference of Glu on the trans ("outside") side of the MIM. 161, 180 Likewise, analysis of 3D structures of membrane proteins showed almost symmetric distribution of negatively charged residues at the both membrane sides. 20, 182, 183 Physical mechanisms behind the positive-inside topological rule are not completely understood. It may be possible that the retention of positively charged residues on the cytoplasmic side partially results from their interactions with acidic phospholipids at the cytoplasmic leaflet 191 or from the influence of the electrochemical potential on the bacterial IM (inside negative). 190, 192 However, the same positive-inside bias was observed for proteins that reside in membranes of acidophilic archaebacteria with reversed Dw (inside positive). 193 Hence the positive-inside rule is not strictly connected to the sign of the transmembrane potential. Instead, it is likely attributed to structural details of the Sectranslocation channel and YidC chaperone. Indeed, mutagenesis studies of the Sec61p-translocon demonstrated that orientation of signal sequence can be changed by reversing the positively charged residues in the TM2a plug (R67E, R74E) or by elimination of a negatively charged residue at the cytoplasmic end of the TM8 (E382Q) 194, 195 (Fig. 5) . The insight on the topological role of acidic residues of singlespanning proteins was obtained from the inspection of the crystal structure of the bacterial YidC 196 : the translocation of N-terminal acidic residues flanking the single TM helix may be directed by conserved positive charge located in the hydrophilic grove of the YidC [ Fig. 6(A) ]. Unlike TM a-helical proteins, single-chain TM b-barrels from the bacterial OM demonstrate opposite "positive-outside" 197 trend in distribution of solvent-exposed Lys and Arg residues [ Fig. 10(B) ]. Basic residues are highly abundant in outside-facing loops, where they interact with negatively charged LPS from the outer leaflet. In contrast, acidic residues occur much more frequently in periplasmic turns of b-barrels ("negative-inside" rule), 20 where they interact with cationic periplasmic chaperones (e.g., Skp) that assist in folding and insertion of bbarrels into the OM. 198 Oligomerization of TM Proteins TM a-helical proteins frequently form dimers or higher order oligomers in membranes. 199 The majority of membrane protein complexes (50-70%) are homo-oligomers, 200, 201 where homo-dimers represent the largest fraction (>65%). 202 The prevalence of homomers is also observed in available structures of a-helical TM proteins, where homo-dimers and higher order homo-oligomers account for 20% and 30% of unique protein structures, respectively (Table S1 ), while hetero-oligomers account for 19% of structures. Large membrane protein complexes may also include peripheral proteins, for example in signaling cascades and electron-transfer chains. Though oligomerization is a common property of both water-soluble and membrane proteins, 203 the presence of a lipid bilayer reduces the area accessible to diffusion of proteins and therefore promotes non-specific aggregation due to several factors: increased concentration of proteins in twodimensional space, microphase separation and lateral segregation of lipids, and formation of lipid rafts. The lipid bilayer also restrains positions of TM helix termini and forces helices to adopt nearly parallel or anti-parallel arrangements. All functional protein-protein association in membrane is driven primarily by specific interactions, rather than these non-specific factors. Specific interactions may involve non-covalent binding of extramembrane and/or TM domains, domain swapping and even covalent linking. 199, [203] [204] [205] [206] High affinity lateral association of TM a-helices critically depends on packing of complementary helical interfaces that may contain specific dimerization motifs or polar residues involved in interhelical salt bridges or hydrogen bonds. 45, [207] [208] [209] [210] [211] The extent and structure of TM protein aggregates may also depend on membrane curvature, 212 be modulated by physico-chemical properties of the lipid bilayer 213 and affected by the environmental conditions (pH, presence of ions, organic or macromolecular ligands, lipids, and detergents). [214] [215] [216] While the physiological impact of experimentally observed transient oligomerization of some proteins, such as GPCRs, is not completely understood, 217 in many cases, the functional significance of stable multi-protein complexes has been well-established. It is known that protein association increases protein stability, generates TM conductive pores (ion channels, bacterial secretion systems, toxins), forms ligand-binding sites at the oligomer interface, allows cooperativity between subunits, and provides an additional level of regulation. 218 Some structural units are stable and functional in membranes only as oligomers. 199, 218 Among them are: a-helical dimers of potassium uptake proteins (3UM7), ABC transporters (2QI9, 3G5U, 3PUW, 4AYT), EmrE multidrug transporter (3B5D), MgtE transporter (2YVX), trimers of acid-sensing and ATP-gated channels (3H9V, 4NTX), tetramers of voltage-, ligand-, Ca 21 -, or H 1 -gated (2R9R, 3EFF, 3LDC) potassium channels, pentamers of ligandgated channels (3rhw), hexameric Gap junctionforming connexins (2ZW3) and CRAC-channels (4HKR), 4-, 5-, 7-meric mechanosensitive channels (2OAR, 2VV5, 3HZQ), F-, V-, and A-type proton and sodium-translocating ATPases with 10 to 15 subunits (1YCE, 2BL2, 2X2V, 2XQU, 3V3C, 4B2Q) , octameric a-helical barrels of Wza (2J58), 14-meric ahelical core complex of type IV secretion system (3JQO), trimeric b-barrels of TolC-like bacterial proteins (1EK9), 12-meric a-pore-forming ClyA toxin (2WCD), and heptameric haemolysin (7AHL) or octameric (3B07) b-pore-forming toxins [Figs. 2(C,E) and 3(C,F)].
Large-Scale Conformational Transitions
TM proteins seem to undergo significant conformational transitions more frequently than watersoluble proteins due to several reasons. First, cotranslational and post-translational integration of proteins in membranes frequently leads to significant conformational changes. These changes have been extensively studied for antimicrobial, cellpenetrating and fusogenic peptides, bitopic proteins, and pore-forming toxins. 8, 205, [219] [220] [221] [222] [223] For example, membrane binding and insertion of many biologically-active peptides is accompanied by folding and stabilization of their regular secondary structure, the so-called partitioning-folding coupling. 224, 225 Pore-forming toxins also undergo large conformation rearrangements and oligomerization when converted from the water-soluble form to membrane-integrated pores. 71 After binding to specific receptors (e.g., lipids, proteins, sugars, GPI anchors) in target cell membranes, these watersoluble toxins undergo activation, oligomerization, and folding into a-helical or b-barrel structures enclosing large (up to 26 Å inner diameter) waterfilled channels. 71 Bacterial, viral, and eukaryotic toxins can form different types of pores that either destroy membranes or facilitate toxin delivery into host cells. Though molecular details of toroidal pores that can be formed by actinoporin-like toxins are still poorly understood, structures of pores formed by a-helical dodecamer of E. coli ClyA toxin (2WCD) or by multi-chain b-barrels of bacterial a-, and ghemolysins (7AHL, 3O44, 4H56) [72] [73] [74] and bicomponent leukoltoxin (Luk) (3B07) 75 have been resolved.
Comparison of structures of water-soluble and membrane-bound forms of pore-forming toxins uncovers the magnitude and nature of structural rearrangements during protein activation, oligomerization and insertion into the lipid bilayer (Fig. 3) . Furthermore, the large-scale conformational transitions between multiple states ("open," "closed," "inward-facing," "outward-facing") is a signature of proteins involved in transfer of various substances or signals across the membrane: receptors, channels, and transporters. Conformational transitions may include significant movements of "plug" and other structural elements and changes in positions of individual subunits, domains, or entire protein complexes with respect to the lipid bilayer. Structural transitions in secondary and primary transporters induced by binding of ligands, lipids, and nucleotides involve domain reorientation and movement of helical pairs. 27, [226] [227] [228] [229] Rigid-body helix movements can be depicted as translation, piston, rotations parallel (pivot) and perpendicular to the membrane. 230 For example, large protomer reorganization and reorientation in membranes occurs in energycoupling factor (ECF), a member of ABC transporter superfamily. ECF transporters are composed of two TM domains (EcfT and EcfS) and two nucleotidebinding cytoplasmic domains (EcfA and EcfA'). 231, 232 Substrate-binding domains EcfS are individually stable in membranes and may exist either independently (3RLB, 3P5N, 4DVE) or as part of a tetrameric complex (4HZU). Surprisingly, TM helices of EcfS are oriented along the membrane normal in isolated subunit, but almost perpendicular to membrane normal in tetramer (Fig. 11) .
Conformational transitions may involve changes in subunit composition and quaternary structure of protein complexes. One notable example of substrate-dependent protomer rearrangement is the Tat-system found in bacterial, archaebacterial, and thylakoid membranes. 233 The Tat-system is composed of three small proteins, single-spanning TatA (2LZS) and TatB (2MI2) and a hexa-helical TatC (4B4A). These subunits form large multimeric complexes for translocation across membranes of folded proteins with twin-arginine signal sequence. After binding of a translocated protein to TatBC complex, this complex recruits TatA protomers and oligomerize into a TM pore-like channels 228, 233, 234 of variable diameter (30-70 Å ) depending on the number of protomers in the complex (85-130 particles) 235 [ Fig.   6(D,E) ].
Energetics of Protein-Membrane Interactions
3D structures of both water-soluble and membrane proteins correspond to a minimum of Gibbs free energy in their native environment. 236 Physical forces and factors that contribute to structural stability of membrane proteins were discussed in the literature. [237] [238] [239] [240] [241] [242] [243] A predictive and verifiable theory of membrane protein folding must account for all these forces and reproduce the experimentally determined membrane folding pathways and thermodynamic stabilities of TM a-helical and b-barrel proteins. However, development of such theory still remains a challenge.
Folding of a-helical peptides and proteins in membranes may be described by a thermodynamic cycle that includes several processes: (1) helix-coil transition in water, (2) transfer of folded a-helices into the lipid environment; (3) helix-helix association in membrane, (4) polypeptide chain binding and partial folding at membrane interface, (5) membrane insertion/folding of interface-bound polypeptide chain (Fig. 12) . A similar cycle can be drawn for bbarrel proteins. Free energy changes during these processes were determined in experimental studies of protein folding and helix-coil transition in aqueous solution (DG fold,wat ), [244] [245] [246] peptide binding to membrane surface (DG bind ), [247] [248] [249] transmembrane insertion of peptides (DG fold,wat 1 DG transf ), [250] [251] [252] membrane binding of folded peripheral proteins (DG transf ), 253 and energies of a-helix association in membranes and micelles (DG assoc ). 254 In addition, equilibrium unfolding energies were measured for many TM a-helical and b-barrel proteins. 255 These experimental free energy values can be used for development and verification of theoretical models that describe energetics of protein folding and association in membanes. For example, formation of a TM a-helical dimer can be represented as the sequence of steps (1), (2) , and (3), that is, formation of an a-helix in water, helix transfer from water into the membrane, and association of helices in the membrane. Though these steps do not necessarily describe real events during protein folding and insertion in membranes, this cycle remains valid for energy calculations based on experimentally-derived parameters. Energy of helix-coil transition (step 1) can be calculated using experimental a-helix propensities, entropic and enthalpic contributions for polypeptide backbone, and energies of interactions between side-chains in water. [244] [245] [246] Transfer energy of a protein from water to the fluid lipid bilayer (step 2) can be estimated using an implicit solvent model of the lipid bilayer. 19, 256 Energy of specific helix-helix association (step 3) can be evaluated based on empirical parameterization of hydrogenbonds and van der Waals forces in non-polar media. 257 The corresponding physical processes of transfer and association in membrane are described in more detail below. Non-specific solvation of membrane proteins by the lipid bilayer
Insertion of membrane protein into the lipid bilayer is driven by the hydrophobic effect, as proteins tend to bury their large hydrophobic surfaces from water to non-polar environment. However, the hydrophobic interactions are unimportant for helix-helix association inside the lipid bilayer. This situation differs from folding of water-soluble proteins, where burial of non-polar residues from water drives the entire folding process. The energy of insertion of TM proteins into membranes can be evaluated based on various hydrophobicity scales. Whole-residue hydrophobicity scales were derived from studies of partitioning of peptides or amino acid analogues between water and more hydrophobic organic solvents or lipid vesicles, 258 from mutagenesis studies, 259 from statistical analysis of residue distribution along the membrane normal, 182, 183, [260] [261] [262] [263] or MD simulations. [264] [265] [266] [267] All these scales correlate with each other, though absolute values vary by several fold. 39, 268, 269 Both experimental and theoretical studies indicate the favorable insertion into the lipid bilayer of non-polar residues, but the high cost of insertion of polar and charged residues. Recently, the so-called "biological" hydrophobicity scales have been derived based on of the efficiency of the insertion of hydrophobic segments into the ER membranes (mammalian and yeast), bacterial IM, and mitochondrial inner membranes, which were mediated by Sec61, SecYEG, YidC, and TIM23 translocons, respectively. 43, [270] [271] [272] [273] It was found that "biological" scales developed for different systems are rather similar, though absolute difference between contribution for the most hydrophobic and most hydrophilic residues is larger in bacterial system and smaller in yeast than for the mammalian ER membranes. "Biological" scales appear to be rather similar to a "knowledge-based" scale derived from relative abundance of residues in membrane proteins 182 and to the White-Wimley octanol scale. 274 Although whole-residue hydrophobicity scales may be helpful for predicting TM a-helical segments and their topology, 275, 276 or positioning of proteins in membranes, 183, 262 they cannot properly account for the solvent exposure of protein residues. For example, the solvent-accessible surface area and the corresponding solvation energies are much greater for amino acid analogues than for less exposed residues included in an a-helix, a b-barrel, or the whole protein structure. 19 Therefore, the correct estimation of solvation energy requires the full-atomic description of membrane proteins. The estimation of transfer energies of proteins from water to membrane requires adequate representation of the lipid bilayer, where energy cost of residue insertion strongly depends on membrane penetration depth. 43 It's noteworthy that even hydrocarbon slab representation of the lipid can produce very reasonable results for positioning of TM and peripheral proteins in membranes. 253 Nevertheless, more complex description of anisotropic membrane properties and more advanced solvation models are desirable to account not only for the depth-dependent hydrophobic interactions, but also for electrostatic, hydrogen bonding, ionic, and other energy contributions that change along the membrane normal. For example, the recently proposed PPM method 19, 256 uses a new implicit solvent model and represents the anisotropic lipid bilayer by profiles of polarity parameters (a, b, e, and p*) calculated from X-ray and neutron scattering data on lipid bilayers. This approach also allows characterization of polarity profiles for different biological membranes, including their hydrophobic thicknesses and polarity of interfacial regions.
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Folding and insertion of TM a-helical proteins in artificial membranes also depend on mechanical properties of the bilayer. These properties can be regulated by changing lipid composition and vesicle size. In particular, it was shown that curvature stress translated in increased lateral pressure at the center of the lipid bilayer enhanced folding of OmpA and galactose transporter GalP, but decreased folding of bacteriorhdopsin, diacylglycerol kinase, and EmrE transporter. 277 Therefore, calculations of protein transfer energy into membranes, as well as the energy of protein association (see below), should account for some additional contributions from protein-lipid and lipid-lipid interactions, including curvature stress and mechanical deformation of the lipid bilayer. 140 The energetic cost of bilayer deformations depends on material properties of the bilayer, such as thickness, intrinsic lipid curvature, and the elastic compression and bending moduli.
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Helix-helix association in the lipid bilayer
The association of TM a-helices within the non-polar lipid bilayer cannot be driven by hydrophobic forces, as for water-soluble proteins. Instead, it is primarily driven by van der Waals interactions of tightly packed helices and, to a smaller degree, by interhelical hydrogen bonds and ionic interactions. 204, 205 To describe energetics of helix association in membranes, the following interactions should be considered: (1) attractive van der Waals forces and hydrogen bonds in the lipid environment, (2) sidechain conformational entropy changes which oppose helix-helix association; and (3) All intermolecular forces, including van der Waals interactions and H-bonds, are of electrostatic nature, and therefore depend on dielectric properties of the environment. 283 The magnitudes of these interactions are similar in the non-polar interiors of water-soluble and TM proteins, 21 to 21.5 kcal mol 21 for hydrogen-bond and 0.02 kcal mol 21 Å 2 for van der Waals interactions. 257, 284, 285 It is noteworthy that helix-helix association is similar to crystallization or liquid-solid state transition. 285, 286 Therefore, these interactions are of the same nature as enthalpy of fusion of molecular crystals; they follow "like dissolves like" rule, and their energy is much weaker than "potential energy" in molecular mechanics and dynamics, which is parameterized using enthalpy of sublimation. This requires novel parameterization of interatomic potentials based on data for condensed media, such as DDG values for protein mutants. 257, 285 The importance of van der Waals interactions for association of TM helices is supported by many observations. The mutual arrangements of TM ahelixes are limited to a few discrete packing modes, which provide knobs-into-holes intercalation of their side chains, as required for close packing of the quasi-parallel helices. These packing modes include parallel and antiparallel helix arrangement, with left-handed and right-handed crossing motifs. 287 In parallel helices, the left-handed packing with positive crossing angles (120 ) is related to the presence of a heptad repeat, while the right-handed packing with negative crossing angles (240 ) is related to the presence of a tetrad repeat and GxxxG-like sequence motif. 207, 208 The structure of parallel TM dimers and symmetric oligomers are well superimposible (rmsd of 1-2 Å ) with corresponding templates taken from water-soluble proteins (Fig. 13) . Furthermore, small and polar residues (Gly, Ala, Ser, Thr) occur more frequently at helix packing interface in TM proteins 207 than in water-soluble abundle proteins. 32, 288 The presence of small residues (Gly>Ala>Va>Ile) is required for efficient helix association in membranes, because it allows close packing and significantly increases van-der Waals interactions of anti-parallel helices with heptad motifs. 289 In contrast, efficient association of similar helices in water, which is driven by hydrophobic forces, required presence of larger side chains on the contact surface and show higher preference for the Ile side chain vs. Gly (Ile>Va>Ala>Gly). 289 The important role of hydrogen-bonding and ionic interactions was demonstrated for selfassembly of hydrophobic TM a-helices bearing centrally located polar amino-acid residues (Asn, Asp, Gln, Glu, and His). [290] [291] [292] It was shown that the affinity of oligo-Leu TM segments and membranesoluble MS1 peptides in the lipid bilayer dramatically increased upon placement of an Asn residue within the TM segment, 290, 292 which was due to formation of intermolecular hydrogen bonds between Asn side chains. 290 The role of ionic interactions between charged residues embedded into the lipid bilayer was demonstrated in a study of the T-cell receptor complex. 293 Formation of a-helical complexes is also affected by electrostatic interactions of a-helix macrodipoles in membrane, which are stabilizing for antiparallel, but destabilizing for parallel a-helices.
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In addition to enthalpic contributions, the free energy of helix-helix interactions in membrane depends on entropic contributions that oppose the association. The most important of these represents the conformational entropy changes of flexible sidechains due to their immobilization during association. 257 The loss of side-chain entropy is smaller for residues that are conformationally restricted in isolated a-helices (Gly, Ala, Val, Thr, Ile). Another important factor for association of proteins in membranes is the hydrophobic mismatch, that is, the difference between hydrophobic thicknesses of TM proteins and surrounding lipid acyl chain region. 294 Acyl chains of annular lipids usually fill hydrophobic cavities on protein surfaces and form nonspecific van der Waals interactions. Surprisingly, it was observed that hydrocarbon tails of different lipids or detergents in tetramers of mammalian aquaporin AQP0 (2b60, 3m9i, 1ymg) occupy similar cavities on protein surface, while their head-groups interact differently with polar residues of the protein. 304, 305 The locations of strongly bound lipids are also rather similar in structures of homologous proteins, such as mitochondrial (2DYR) or bacterial (1M56, 1QLE) cytochrome c oxidases. 306 The structural conservation of lipid binding sites were reported for cholesterol in b2-adrenergic receptor (2RH1) and Na
, for cardiolipin (CL) in formate dehydrogenase-N (1KQF), and for phosphatidylglycerol (PG) in KcsA potassium channel (1K4C). 303 The specific binding of lipids and other hydrophobic molecules, such as carotinoids, chlorophyll and other cofactors, can stabilize loosely packed TM a-bundles and large multimeric protein complexes. 150, 303 For example, folding, stability, and function of the plant light harvesting complex II, which is composed of loosely packed marginally hydrophobic TM helices (1RWT, 2BHW), requires presence the of lipids and numerous cofactors (chlorophylls and carotenoids). 307 Lipids co-crystallized with cyanobacteria Photosystem II (3BZ1) include 11 monogalactosyl diacylglycerol, 7 digalactosyl diacylglycerol, 5 sulfoquinovosyl diacylglycerol, and 2 PG. This lipid composition of the preferential location of acidic lipids at the stroma leaflet reflects the relative contents (45 mol%, 25 mol%, 15-25 mol%, 5-15 mol%, respectively) and asymmetric distribution of these mostly non-phosphorus lipids in thylakoid membranes. 308 Coordination of lipid molecules with photosynthetic proteins was shown to play an important structural role: lipids fill internal cavities near cofactors, stabilize oligomers, "lubricate" subunits that need to be structurally flexible, and, possibly, influence the biophysical properties of cofactors that affect the rate of electron transfer. 309 Natural lipids and cofactors also stabilize trimeric complexes of archaebacterial retinalcontaining bacteriorhodopsin (BR)-like ion pumps. 310 Different cryo-electron microscopy and crystal structures of BR show the presence of up to 30 lipidbinding sites per trimer that are occupied by archaeols (sn-2,3-diphitanylglycerol) consisting of two C 20 isoprenoid chains connected via an ether linkage to glycerol. 311 Besides, in each trimeric assembly of all BR-like proteins, except BR itself, carotenoid bacterioruberin with C 50 carbon atoms stabilizes the trimer by binding to crevices between adjacent protomers; while in the deltarhodopsin structure (4FBZ), three extended squalene molecules together with lipid molecules fill the central opening of the trimer [ Fig. 14(A-C) ]. The crystal structure of dimeric mitochondrial cytochrome c oxidase (2DYR) includes 26 tightly bound phospholipids. 312 Among these lipids, there are four CL molecules: two CLs facing the intermembrane side that supposedly participate in dimer stabilization, and two CLs facing matrix side that may function as proton traps that facilitate the proton translocation along the protein surface 313 [ Fig. 14(D)]. CL bearing four acyl chains and two negative charges is the signature phospholipid of mitochondrial membranes: it accounts up to 20 mol% of the inner membrane. 314, 315 CL is known to be critically required for biogenesis and stabilization of respiratory chain supercomplexes 316, 317 and for regulation of many other mitochondrial functions. 318 Another highly abundant mitochondrial protein, the ADP/ ATP carrier, represents a TM six-helical bundle
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formed by three repeated a-helical hairpins, each bound to a CL molecule. 319 It was shown that CL is critical for carrier folding and translocation. 320 Specific lipid-protein interactions may involve contacts of lipid hydrocarbon chains with aromatic residues and ionic and/or hydrogen bonding interactions of lipid phosphodiester groups with Tyr, Asn, Lys, His, Arg, Trp, Ser, and Gln located near lipid head groups. 149, 150 For example, a conserved structural motif for LPS recognition by the ferric hydroxamate uptake receptor FhuA, an OM b-barrel, [ Fig. 14(E)] includes cluster of eight basic residues (K280, K306, K351, R382, R384, K439, K441, R474) and three polar residues (E304, Q353, D386) that form ionic and electrostatic interactions with the phosphate moieties. In addition, six aromatic residues of FhuA (F231, F235, Y284, F302, F355, F380) interact with six acyl chains of the lipid A. 303, 321 These examples demonstrate the essential role of annular and specifically bound lipids for structure, stability, and function of TM proteins and their complexes. Thus, both non-specific and specific protein- two CLs (CL-1) at the intermembrane side that likely participate in dimer stabilization, two CLs (CL-2) molecules at the matrix side that may participate in the proton translocation along the protein surface. 313 In the latter case CL in each monomer interacts with basic residues from subunits 3 and 7A1. (E) Ferrix hydroxamate uptake receptor FhuA from E. coli (colored by secondary structure: yellow b-strands, red helices, and green loops) in complex with LPS (colored orange) (1QFG). Lipid A of LPS forms specific interactions with a number of basic (shown as blue sticks), polar (white sticks) and aromatic residues (green sticks) of FhuA.
lipid interactions should be taken into account during computational modeling of membrane proteins.
Summary
This review summarizes our current understanding of membrane protein structures, different pathways of protein biogenesis, physical forces that define protein folding and integration into membranes, as well as common and distinctive properties of TM proteins targeted to different biological membranes. The available spatial architectures of TM proteins are limited to a-helical bundles, single-chain and multi-chain bbarrels and b-helices. However, their 3D structures are highly complex and include significant irregularities in secondary structure (3 10 -helices, kinks, interruptions, b-bulges, turns of p-helix), reentrant loops, and repeated domains with identical or different topologies. TM proteins frequently form large complexes, which are crucial for their biological function. Structural examination demonstrates several helix-helix interaction motifs, suggests the role of ligands and cofactors, and highlights ability of these proteins to switch between different conformational states and oligomerization modes. The most significant conformational transitions are observed in pore-forming toxins that exist in water-soluble and membranebound forms and transporters that switch between multiple conformations. Analysis of polarity of TM protein surfaces uncovers the presence of a "midpolar" region inside the hydrocarbon region of the lipid bilayer. This membrane region is characterized by the increased dipolarity/polarizability and the hydrogen-bonding acceptor capacity and can be mapped by the preferential accumulation of indole rings of solvent-exposed Trp residues. The observed asymmetry of "midpolar" regions in proteins from different membranes correlates with asymmetric lipid composition of corresponding membranes. Comparison of TM proteins from different types of natural biological membranes shows protein adaptation to distinct lipid environments and correlation between properties of protein surfaces and thicknesses and polarity asymmetry of target membranes. Distinct hydrophobic thicknesses and polarity profiles obtained from analysis of TM proteins from different membranes can be used to describe anisotropic lipid environment in corresponding natural membranes. These models of biological membranes may be useful for development of advanced computational methods aimed at structural modeling and prediction of spatial localization, topology, and self-translocation ability of peptides, proteins and small drug-like molecules. Analysis of forces and factors that define folding and stability of TM proteins highlights the essential role of the hydrophobic effect that drives protein insertion into membrane and important contributions into protein stability of van der Waals attraction forces, hydrogen bonding and ionic interactions, side-chain conformational entropy, the hydrophobic mismatch, membrane deformations, and specific protein-lipid binding.
